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ABSTRACT: Hydrogels are hydrated networks of ﬂexible
polymers with versatile biomedical applications, and their
resistance to nonspeciﬁc protein adsorption is critical. On the
other hand, functionalization with other biomacromolecules
would greatly enhance their biotechnological potential. The
aim of this research is to prepare low fouling hydrogel
polymers for selective protein immobilization. Initially,
hydrogels were prepared by controlling the composition
ratios of 2-carboxyethyl acrylate (CA) and 2-dimethylami-
noethyl methacrylate (DMAEMA) monomers in an N,N-
methylene-bis-acrylamide (NMBA) cross-linked free radical
polymerization reaction. This series of hydrogels (C1D9 to C9D1) were then analyzed by X-ray photoelectron spectroscopy
(XPS) and dynamic laser scattering to conﬁrm the actual polymer ratios and surface charge. When the composition ratio was set
at CA:6 vs DMEAMA:4 (C6D4), the hydrogel showed nearly neutral surface charge and an equivalent reaction ratio of CA vs
DMAEMA in the hydrogel. Subsequent analysis showed excellent antifouling properties, low blood cell adhesion,
hemocompatibility, and platelet deactivation. Moreover, this hydrogel exhibited pH responsiveness to protein adsorption
and was then used to facilitate the immobilization of lipase as an indication of active protein functionalization while still
maintaining a low fouling status. In summary, a mixed-charge nonfouling pseudozwitterionic hydrogel could be prepared, and its
pH-responsive adsorption holds potential for designing a biocompatible tissue engineering matrix or membrane enzyme
reactors.
1. INTRODUCTION
One of the key issues in the biomedical ﬁeld is the
development of biomimetic materials with antifouling proper-
ties and biofunctionality. An implantable biomaterial must
prevent nonspeciﬁc protein adsorption upon contact with
blood and other bodily ﬂuids because it is usually the initial
cascade leading to the inﬂammatory response followed by the
encapsulation of the material or even clotting.1 As a result,
nonfouling hydrogels have long been a potential biomimetic
material ever since the ﬁrst generation of poly(2-hydroxyethyl
methacrylate) (HEMA)-based highly hydrated polymer with a
cross-linked 3D structure.2 These materials are known for their
good biocompatibility and have had versatile applications in
biomedical research. For example, hydrogels made by HEMA
are the forerunners of applications such as drug delivery,3
biosensors,4 and tissue-regenerating scaﬀolds.5
The second generation of antifouling hydrogels was based
on poly(ethylene glycol) (PEG) polymer technology for its
excellent biocompatibility.6 The primary mechanism of this
antifouling polymer came from its water-binding capacity.7
PEG hydrogels were also degradable and suitable for drug
release system design.8 However, PEG is vulnerable to
oxidation and loses its antifouling status in the case of long-
term implants.9 Furthermore, PEG-based hydrogels were also
inert for incorporating functional biomacromolecules or with
unfavorable alteration chemically to aﬀect its antifouling
properties.10
Researchers then turned to zwitterionic functional groups
with both positive and negative charge on the same branch.
These include sulfobetaine (SB), carboxybetaine (CB), and
phosphorylcholine (PC). They have recently been proposed as
better biocompatible, antifouling biomaterials.11 For instance,
PC-based hydrogels were used to coat silica wafers with
controlled ATRP (atom-transfer radical polymerization) to
lessen unwanted protein adsorption when the optimal length
could be modulated.12 As for the CB-based hydrogel, Zhang
and colleagues found similar performance improvements with
CB-based polymer brushes functionalized onto a gold surface
using a controlled ATRP protocol.13 Further development of
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the CB-type polymer into a hydrogel format led to an
antibacterial biocompatible coating.14 In addition, SBMA (2-
(N-3-sulfopropyl-N,N-dimethylammonium) ethyl methacry-
late) showed great versatility on multiple functionalized
surfaces.15 Chang et al. developed a temperature-sensing
smart hydrogel with an optimal combination of antifouling
SBMA and temperature-sensitive NIPAAM (N-isopropylacry-
lamide) monomers.16 Such a strategy seems to be a valid
option for hydrogel tuning. However, like the PEG-based
hydrogels, the antifouling properties of most zwitterionic
hydrogels may be compromised in conjugation chemistry.
Interestingly, the carboxyl-group-containing CB-based materi-
als have been shown to retain their antifouling capacity while
still being open to protein immobilization through traditional
EDC ((1-ethyl-3-(3-(dimethylamino)propyl)-carbodiimide)/
NHS (N-hydroxysuccinimide) conjugation.17
On the other hand, pseudozwitterionic hydrogels are
composed of positively and negatively charged monomer
subunits mixed to create a neutralized water-containing surface
and have been proposed to mimic antifouling zwitterionic
polymers through a simpliﬁed procedure.18 Theoretically, if the
charged groups from the monomers could be homogeneously
distributed, then the oppositely charged functional groups
could form an antifouling network of water-attracting ions
through electrostatic forces.19 Subsequently, Shih et al.20 have
demonstrated that antifouling characteristics, the protein
resistance, and the hydration capability of prepared copolymers
can be eﬀectively controlled by regulating the charge balance of
the copolymers of [2-(methacryloyloxy) ethyl] trimethylam-
monium (TMA) and sulfopropyl methacrylate (SA) charged
monomer composition. Venault et al.21 have also shown that
pseudozwitterionic copolymer systems could be directly
applied in membrane fabrication to achieve an antifouling
status. On the other hand, a pseudozwitterionic hydrogel
composed of 2-carboxyethyl acrylate (CA) and TMA can be
designed to be pH-responsive due to the variation of the pKa
value of the charged monomers.22 Such a system was
demonstrated successfully to “catch and release” bacteria
upon careful situating in buﬀer pH. Furthermore, because the
monomer contains carboxylic acid as the negatively charged
side chain, the pseudozwitterionic hydrogels possess a protein
conjugation capacity similar to that of the aforementioned
zwitterionic CB-based materials.23 Certain biomedical applica-
tions, such as implantable biosensors, would beneﬁt from the
combination of antifouling properties and eﬀective enzyme
conjugation onto a permeable hydrogel surface. However,
eﬀective protein immobilization seems to be contradictory to
antifouling material development, particularly given the fact
that the pseudozwitterionic antifouling materials are resistant
to protein adsorption by nature. As a result, the pH
responsiveness of the pseudozwitterionic hydrogel may serve
as a new strategy for selective protein immobilization, while the
eﬀects of conjugation pH and proof of sustained antifouling in
the functionalized hydrogel are still worthy of investigation.
We hypothesized that pseudozwitterionic hydrogels can be
formed with the ability to conditionally immobilize proteins
while retaining their antifouling capacity even after thorough
biofunctionalization. Such dual functionality will show wide
potential for various applications.
To develop a new pseudozwitterionic hydrogel system as an
antifouling pH-responsive material and test the hypothesis that
the immobilization eﬃciency could be improved by adjusting
the pH value during conjugation, pseudozwitterionic hydrogels
were prepared systematically from several mixtures of
positively charged [(2-dimethyl amino)ethyl methacrylate]
(DMAEMA) and negatively charged 2-carboxyethyl acrylate
(CA) monomers with N,N-methylene-bis-acrylamide (NMBA)
cross-linker. The molecular structures for all three of these
monomers can be seen in Scheme 1. The physical and
chemical properties of the CA/DMAEMA hydrogels were
analyzed, and the antifouling properties were also conﬁrmed
using BSA, ﬁbrinogen, and lysozyme (LYZ) as model proteins.
The serum biocompatibilities, hemolysis characteristics, and
cell/bacteria adhesion were also compared through diﬀerent
hydrogels. Then the potential of antifouling CA/DMAEMA
hydrogels as protein immobilization substrates was investigated
through a series of protein conjugation studies at diﬀerent
conjugation pH values, activity tests, and antifouling properties
after immobilization. The results clearly demonstrated that
CA/DMAEMA hydrogels could be optimized for antifouling
and adaptable to various protein immobilizations through the
pH-responsive capability of the hydrogel.
2. MATERIALS AND METHODS
CA (2-carboxyethyl acrylate) and SBMA (2-(N-3-sulfopropyl-N,N-
dimethylammonium)ethyl methacrylate) monomers were purchased
from Sigma-Aldrich (U.S.A.). DMAEMA ((2-dimethyl amino)ethyl
methacrylate) was purchased from Acros Co. Ammonium persulfate
(APS), NMBA (N,N-methylene-bis-acrylamide, cxa96%), N,N,N′,N′-
tetraethylmethylenediamine (TEMED), and diiodomethane were
purchased from Alfa Aesar Co. In this experiment, deionized water
(DI water) was puriﬁed with a Millipore water puriﬁcation system
with a minimum resistivity of 18.0 MΩ·m. Proteins (BSA, porcine
pancreatic lipase (PPL), lysozyme, ﬁbrinogen, and IgG) used in this
experiment were purchased from Sigma-Aldrich Co.
Preparation of Poly(DMAEMA-co-CA) Hydrogels. Diﬀerent
mass ratios of CA and DMAEMA (Table 1) were mixed in an
aqueous solution of 3.5 wt % NMBA and stirred consistently for 10
min at 25 °C. The polymerization of poly(DMAEMA-co-CA)
networks was initiated using a ﬁnal composition of 0.2 wt % APS
and cross-linked using a 1 wt % TEMED catalyst. The reaction was
carried out between a pair of glass slides with a spacer of thickness 0.2
mm at 25 °C for 1 h. After polymerization, the gel was cut into small
disks with 10 mm diameter and 2 mm height. The disks were stored
in DI water at 4 °C before use.
(a) The theoretical compositions of the poly(CA-co-DMAEMA)
hydrogels were calculated on the basis of reaction ratios and
molecular weight of comonomers.
(b) The mole fraction of polyCA (xCA) and polyDMAEMA in the
cross-linked poly(DMAEMA-co-CA) hydrogels was determined by
XPS in the dry state from the spectral integrated area ratio of the
atomic percentages based on N 1s of the polyDMAEMA isopropyl
groups and C 1s of the polyCA side groups at approximately 399 and
298 eV, respectively.
Scheme 1. Chemical Structures of Hydrogel Polymers Used
in This Work
Characterization of Poly(DMAEMA-co-CA) Hydrogels. The
chemical structure of poly(DMAEMA-co-CA) hydrogels was charac-
terized using X-ray photoelectron spectroscopy (XPS). XPS analysis
was conducted with a Thermal Scientiﬁc K-Alpha spectrometer with a
monochromated Al K X-ray source (1486.6 eV photons). The emitted
electrons were measured for their energy level with a hemispherical
analyzer at pass energies ranging from 50 to 150 eV. Data were
collected at a takeoﬀ angle of 45° with respect to the dried sample
surface. The binding energy (BE) scale was referenced to the peak
maximum in the C 1s spectrum at 284.6 eV. The high-resolution C 1s
spectrum was convoluted using Shirley background subtraction. The
quantiﬁed mole fraction of polyCA (xCA) in the cross-linked
poly(DMAEMA-co-CA) hydrogels was determined by the integrated
area ratio of the atomic percentages based on N 1s of the
polyDMAEMA isopropyl groups and C 1s of the polyCA side groups
at binding energies of approximately 399 and 298 eV, respectively.
The results are presented in Table 1. The swelling ratio of
poly(DMAEMA-co-CA) hydrogels was determined using a gravi-
metric method. The stored hydrogels were equilibrated in DI water or
PBS7.4 at 25 °C for 24 h. Immersed hydrogel disks were weighed
(Ww) before the gel disks were dried under vacuum at 40 °C for 24 h.
The disks were weighed (WD) after drying. The average weights from
three measurements were compiled to determine the swelling ratio by
the following equation:
= −W W
W
swelling ratio w D
D
The hydrophilicity of prepared hydrogels was measured with an oil−
water angle meter (Kyowa Interface Science Co., Ltd., Japan) at 25
°C. The diiodomethane was dropped on the pre-equilibrated sample
surface at three diﬀerent sites and averaged for data analysis.
Plasma Protein Adsorption. Several diﬀerent buﬀers (details in
the Supporting Information) at diﬀerent pH values for protein
adsorption assessment were prepared using a universal ionic strength
of 0.167 M. BSA, ﬁbrinogen, or lysozymes (1 mg/mL) were added to
buﬀers at pH = 3, 5, 7.4 (PBS), 9, and 11 for the adsorption assay.
The hydrogel disks were ﬁrst rinsed thoroughly with PBS and
equilibrated with the corresponding buﬀer for 3 h before the test. The
disks were transferred to protein solutions and allowed to adsorb
protein for 2 h. The protein solution were withdrawn from the wells
and analyzed with a standard UV-280 nm absorbance test or a
Bradford assay to determine the residual concentration of proteins in
the solution. The diﬀerence between the initial concentration of the
protein and the concentration after adsorption was calculated to prove
the antifouling properties. Furthermore, the adsorption of common
human plasma proteins including human serum albumin (HSA),
ﬁbrinogen, and γ-globulin on the hydrogel disks was analyzed using a
standard enzyme-linked immunosorbent assay (ELISA) method
according to the standard protocol in previous publications.
Blood Platelet Adhesion and Hemolysis Tests. Human blood
samples were obtained from volunteer donation from a local hospital
under standard ethical guidance. Samples were ﬁrst centrifuged for
1200 rpm to separate upper clariﬁed platelet-rich plasma (PRP) and
lower red blood cells (RBCs). They were stored at −20 and 4 °C,
respectively. White blood cells were extracted using a diluted Ficoll
method followed by mild centrifugation. The hydrogel disks were
equilibrated in individual wells of a 24-well tissue culture plate ﬁlled
with PBS for 12 h at 25 °C. Then the temperature was increased to 37
°C for 1 h. A total of 1000 μL of the PRPs, RBCs, or WBCs was
placed on the hydrogel surface and incubated for 2 h at 37 °C. After
the adsorption, hydrogel disks were rinsed twice with 1000 μL of PBS,
and adhesion cells were ﬁxed in 2.5% glutaraldehyde in PBS for 48 h
at 4 °C. For RBC and WBC experiments, the disks were observed
directly under a confocal laser microscope (CLSM). For PRPs, the
disks were rinsed two more times with DI water and vacuum-dried
using a freeze-drying machine. Afterward, the samples were plasma-
coated with gold prior to observation under a JEOL JSM-5410 SEM.
The number of adhering platelets on the hydrogels was counted from
SEM.
To test the hemocompatibility of the blood cells, the hydrogels
were placed in a 15 mL centrifugation tube and soaked with 3.3 mL of
PBS. Whole blood (200 mL) was added to the tube, and the
temperature was kept constant at 37 °C for 1 h. The tubes were then
centrifuged at 1200 rpm to extract 200 μL of the upper clariﬁed
solution. The absorbance values of diﬀerent samples at 542 nm were
determined to evaluate the release of hemoglobin from cell breakage.
On the other hand, clotting times were determined by adding 2.5 mM
calcium solution and PRPs to a 96-well plate. The absorbance at 660
nm was measured dynamically to evaluate the turbidity of the solution
caused by clotting formation.
Fluorescence Bacterial Adhesion Assay. Recombinant bacteria
Escherichia coli with a plasmid expression enhanced GFP were used to
investigate the adhesion behavior on the surface of poly(DMAEMA-
co-CA) hydrogels. E. coli were cultured in LB medium supplemented
with inducer IPTG after 3 h of start-up culture. The cells were then
incubated in a shaker for another 12 h and rinsed for adhesion studies.
The E. coli concentration was normalized to 106 cells/mL with a 600
nm absorbance assay. The hydrogel disks were equilibrated with PBS
for 1 h at 37 °C and washed with PBS three times in a 24-well plate. A
total of 1 mL of a bacterial suspension was added to each well. The
bacteria were then incubated with the samples for 3 h at 37 °C. The
bacterial solution was removed, and each sample was then washed
again with PBS three times to remove the loosely attached bacteria.
Strong adhesion to the surface was ﬁxed with 0.8 mL of 2.5%
glutaraldehyde and observed under CLSM.
Protein Immobilization and Activity Assay. The hydrogel
disks were equilibrated with 50 mM MES buﬀer at pH = 4.5, 6, or 7
for 50 min at 25 °C in 12-well plates. The disks were removed and
rinsed with MES buﬀer and soaked in EDC solution (12 mg/mL)
with shaking at 20 °C for 15 min. The modiﬁcation solution was then
removed and replaced with 5 mg/mL porcine pancreatic lipase
solution at pH = 4.5, 6, or 7. The immobilized hydrogels were then
rinsed and soaked twice for 35 min with the corresponding buﬀer.
Lipase activity was tested by the hydrolyzation of para-nitrophenyl
palmitate (p-NPP) solution at 1.65 mM in Tris-HCl buﬀer at pH =
8.0 for 2 h. The aqueous solution may be turbid and was further
extracted with hexane after full-speed centrifugation. This clariﬁed
solution (200 μL) was added to 40 μL of 0.1 N NaOH placed in 96-
well plates to stop the reaction. The hydrolyzed para-nitrophenol
group was then detected by absorbance at 410 nm and used to
calculate the relative activity compared to that of free suspended
lipase without immobilization. Lysozyme activity tests were
conducted with E. coli strain DH5α with the same protocol
mentioned earlier in the literature.24 The optical density of the
suspension was adjusted to 0.6 at 600 nm wavelength to normalize the
concentration of the bacteria. This suspension was then mixed with
EDTA solution at pH = 8 to chelate the metal ion aﬀecting lysozyme
activity ﬁrst and then added to hydrogel disks for 1 h at 37 °C. The
reaction was completed, and the OD of the remaining solution was
Table 1. Chemical Analysis of CA/DMAEMA Hydrogels
with Various Monomer Compositions
composition of monomer
(mol %)
reacted ratio by XPS
(mol %)
sample ID CA DMAEMA CA DMAEMA
DMAEMA 0 100 0 100
C1D9 10 90 5.61 94.39
C2D8 20 80 11.92 88.08
C3D7 30 70 18.64 81.36
C4D6 40 60 27.5 72.5
C5D5 50 50 41.28 58.72
C6D4 60 40 45.54 55.46
C7D3 70 30 69.55 30.45
C8D2 80 20 73.09 26.91
C9D1 90 10 90.76 9.24
CA 100 0 100 0
recorded along with control groups with no hydrogel present to
calculate the ΔOD value reﬂecting the lysozyme activity of bacterial
lysis. The disks with immobilized enzymes were then subjected to the
protein adsorption assay as mentioned earlier to evaluate their
antifouling capability.
3. RESULTS AND DISCUSSION
Hydrogel Chemical Property Analysis. For the CA/
DMAEMA hydrogels to achieve antifouling status, the
oppositely charged DMAEMA and CA monomer subunits
should be distributed with near equality onto the synthesized
polymer chain, as indicated in the previous study.25 The
imbalance in the “reacted ratio” would result in a net surface
charge facilitating the adsorption of oppositely charged
proteins. The polymerized product was examined in detail
using XPS, and the results were compared to the mixed
monomer ratio in the polymerization solution. Representative
spectra from the XPS analysis are listed in the Supporting
Information, and the results of the elemental analysis based on
the area below the carboxyl (CO) peak at 288−289 eV for
CA and the tertiary amine signal at 398−399 eV for DMAEMA
are presented in Table 1. The spectra used for quantiﬁcation
are listed in Figure 1 for comparison. The amounts of CA and
DMAEMA presented in the hydrogels were correlated to their
composition of comonomer and named after this ratio.
However, DMAEMA had a higher reaction ratio in most of
the copolymers, which led to a nearly equal CA/DMAEMA
ratio in sample C6D4. The data suggested that this sample
preparation recipe would generate a nearly neutralized surface
at physiological pH of 7.4.
In order to conﬁrm that the reaction ratios were correlated
to the charge status of hydrogels in PBS (pH = 7.4), surface
zeta potential measurements were conducted on CA/
DMAEMA hydrogels with all 10 comonomer compositions,
and the results are also shown in Table 1 and Figure 2. As a
control, hydrogel polymers synthesized using pure CA and
pure DMAEMA were analyzed ﬁrst. Pure CA and DMAEMA
hydrogels have surface charge zeta potentials of −33.76 and
19.94 mV, respectively, as expected. As can be seen in Table 1,
the proportion of the CA reaction increased while the surface
potential from the C6D4 to C9D1 hydrogel decreased. Among
them, especially C5D5 to C6D4, it has been observed that the
potential dropped sharply from 12.6 to −11.2 mV in the PBS
environment, which was also combined with the fact that the
reaction ratio was closest to 1:1 in this case. Typically, a neutral
interface could be deﬁned as the zeta potential between −10
Figure 1. Analysis of the carbon−nitrogen ratio of mixed-charge hydrogels from XPS
and +10 mV, and C6D4 nearly achieved this status. Venault et
al.26 have compared several diﬀerent ratios of mixed-charge
hydrogels based on negatively charged 3-sulfopropyl meth-
acrylate (SA), 2-(methacryloyloxy)ethyl-trimethylammonium
(TMA), and DMAEMA as used in this work. It was found that
the SA-DMEAMA hydrogel would achieve neutrality at a
slightly higher DMAEMA ratio (roughly [SA 4]/[DMAEMA
6]), but the initial monomer composition and reacted ratio
showed no change. This was explained by the fact that SA has a
higher charge density than DMAEMA. On the other hand,
TMA with a high charge density would pair with SA to show a
similar discrepancy in the initial monomer ratio and reaction
ratio while neutrality could be achieved with a composition
similar to that of this C6D4 hydrogel. As a result, the relative
charge density of the monomer functional group may aﬀect the
formation and surface charge of mixed hydrogels.
Hydrogel Physical Characterization. The surface hydro-
philic properties of the diﬀerent hydrogels can be evaluated
through the measurement of the diiodomethane contact angles
and the calculation of the swelling ratio through the bulk mass
balance. The oil-in-water diiodomethane contact angles of the
hydrogels were found to be in the range of 130−145°
(Supporting Information), showing overall superhydrophilicity
without a clear correlation to the CA/DMAEMA ratios; this
was also observed in a similar study.26 The next character-
ization was to determine the swelling characteristics of the CA/
DMAEMA hydrogels in both DI water and PBS buﬀer. The
results were also shown in Figure 2. First, swelling occurred
when the hydrogels were soaked in DI water rather than in
PBS, indicating that the ionic strength tested would not trigger
the so-called antipolyelectrolyte eﬀect.27,28 Interestingly, the
CA/DMAEMA hydrogel with a CA/DMAEMA ratio of 6:4,
which possesses as nearly neutral surface as indicated in this
ﬁgure, also had the lowest swelling ratio. This may result from
denser cross-linking facilitated by electrostatic attraction
between oppositely charged side chains. Although it is believed
that a strongly hydrated surface is better for a hydrogel to be
antifouling, a lower swelling ratio may actually present a
smooth surface with less chance to trap larger particles. In PBS,
it was clear that the ionic strength in the solution phase caused
the shielding of the charged groups and reduced the swelling
ratio compared to that of the water-equilibrated hydrogels.
This may indicate that the cross-linking extent was higher in
C6D4 from the initial polymerization reaction. Nevertheless,
the low swelling ratio suggests that the CA/DMAEMA
hydrogels may serve as possible antifouling material.
Protein Adsorption Characterization. In general, the
ability of a surface to resist plasma protein adsorption,
especially for ﬁbrinogen, is a direct parameter with which to
evaluate the antifouling capability. To evaluate the antifouling
status of this series of hydrogels, the adsorption of BSA and
lysozyme on hydrogel surfaces was ﬁrst evaluated using a
traditional absorbance assay, and the results are presented in
Figure 3. It was demonstrated that C5D5 and C6D4 did show
a comparative antifouling capability with respect to the positive
control nonfouling SBMA hydrogel. Among the protein tested,
BSA and ﬁbrinogen are negatively charged in the physiological
environment. As a result, better repulsion of these two proteins
by the C6D4 hydrogels is expected since the zeta potential was
slightly negative (−11.2 mV). However, lysozyme adsorption
seems to be higher for C6D4 than for C5D5, possibly due to
the slightly positive nature of the later hydrogel. To further
verify the eﬀectiveness of these two hydrogels, the adsorption
of plasma proteins on surfaces including HSA and ﬁbrinogen
can be tested by a more precise ELISA method. The results are
shown in Figure 4. It was found that C6D4 was also
comparable with the SBMA hydrogel in a more sensitive
adsorption evaluation method. Both of these types of data
suggested that the C6D4 hydrogel fulﬁlled the antifouling
requirement.
Compared to other mixed-charge systems, the zeta potential
within ±10 mV can be considered to be antifouling.23,29 With a
zeta potential at ∼ −10 mV, the closest example would be
SA5/DMAEMA5 as mentioned in the investigation conducted
by Venault et al.26
Hemolysis and Clotting Time Assay. In order to apply
the hydrogel materials in biomedical engineering, it is
necessary to test the biocomparability of hydrogels against
blood cells because inﬂammatory responses may follow
hemolysis and clotting caused by inappropriate chemistry on
the material surface. First, the hemolysis ratios of various
hydrogels were evaluated in Figure 5. Overally, a material can
be considered to be nonhemolytic if the hemolysis can be
Figure 2. Physical properties of hydrogels including representative
hydration ratios with varying compositions for CA/DMAEMA
hydrogels and an analysis of the surface charge of mixed-charge
hydrogels from DLS.
Figure 3. Evaluation of BSA and lysozyme adsorption onto hydrogels.
maintained below 5%, which was indicated in the ﬁgure as the
thin red line.30 Apparently, hydrogels with a higher DMAEMA
ratio (from pure DMAEMA to C3D7) and a positive zeta
potential, as demonstrated in Figure 5, were over this
threshold. Fernandes et al.31 have proposed that the higher
positive charge would attract the negatively charged membrane
of erythrocytes and lead to subsequent breakage. In
accordance, this was also observed in our red blood cell
attachment test (Supporting Information). On the other hand,
hemolysis was soon almost nonexistent for other hydrogels,
especially C6D4, which is essential for even more stressful
environments in practical applications.
Upon contacting blood, biomaterials may induce clotting
resulting from a cascade of platelet adhesion, activation, and
procoagulation.32 These combined eﬀects usually induce
thrombin formation and shorten the plasma clotting time.
Because the mechanism behind these hydrogels was designed
to prevent platelet adhesion to improve hemocompatibility,
platelet-rich plasma (PRP) was used to challenge disks of
hydrogels in a 96-well plate at 37 °C to evaluate their
recalciﬁed plasma clotting time. The results were presented in
Figure 5 with the clotting time on the right axis. As indicated,
the average clotting time in blank wells was 10 min and served
as a control standard, which generally should be the lower
threshold for hemocompatible materials. Compared to the zeta
potential results in Figure 2, when the positively charged
hydrogels (DMAEMA to C5D5) were placed in the recalciﬁed
solution, the clotting time decreased to below the standard
time. In the literature, positively charged surfaces can activate
plasma clotting through factor VII activating protease path-
way.33 Among all of the hydrogels tested, C6D4 exhibited 60%
more prolonged clotting time with statistical signiﬁcance. This
value slightly exceeded that of other pseudozwitterionic
materials using similar testing protocols.34 In general, material
interfaces can be considered to be blood-inert if they present a
high surface and bulk hydrophilicity along with the neural zeta
potential close to 10 to −10 mV. Consequently, C6D4 showed
optimal performance in these tests, with both a low hemolysis
percentage compared to blank polystyrene surface and the
longest clotting time among all hydrogels. These results
showed that C6D4 can be used as a potential biocompatible
material.
Blood Cell Attachment Assays. For a long-term implant
to be stably functional in the vascular system, the biomaterial
must exhibit a low fouling ability against both proteins and
larger blood cells. There are three types of blood cells
interacting with materials (RBCs, WBCs, and PRPs) with quite
diverse interaction schemes toward diﬀerent materials. Here,
all three types of blood cells were tested against hydrogels with
10 diﬀerent mixed ratios to compare their eﬃcacy. Because of
the limiting paragraph, only results obtained from ImageJ-
quantitative CLSM data from an area of 0.645 mm × 0.645
mm = 0.416 mm2 is presented in Figure 6. The original images
for analysis can be found in the Supporting Information. It can
be found that C6D4 is almost immune to ﬁbrinogen adhesion,
which is usually the most diﬃcult to repel because of its ﬁbrous
nature and potential danger in activating clotting formation. As
to other types of blood cells, the intermediate monomer ratio
ranging from C5D5 to C7D3 exhibited nonattachment results.
Platelets adhered to biomaterials may also be activated by
surface chemistry with a proper activator such as calcium ions
Figure 4. ELISA-based adsorption of HSA and lysozyme onto
hydrogels.
Figure 5. Evaluation of hemolysis ratio and plasma clotting time of
diﬀerent hydrogels
Figure 6. Quantitative results of blood cells adhesions onto
CA:DMAEMA hydrogels including platelets, erythrocytes (RBC),
and leukocytes (WBC).
and provide a site for further clotting cascades and serious
fouling.35 To assess the activated platelet adhesion, hydrogels
disks were soaked in a calcium-induced platelet test solution,
washed, and lyophilized to prepare the sample for imaging.
SEM pictures were taken and compared in Figure 7. Surpassing
the expectation, the surface of C6D4 hydrogels had a smooth
texture without the presence of any activated ﬁbers from
platelet adhesion. The performance of the C6D4 hydrogel was
thus on par with the more expensive SBMA with respect to
blood compatibility. Kwak et al.36 showed that the adhesion
and activation of platelets from the blood-derived ﬂuid could
be correlated with the adsorption of ﬁbrinogen on surfaces,
which is examined in Figure 4 with respect to this work. The
two data sets agreed with each other. In the literature, it is
generally agreed that the charge neutrality achieved by the
proper mixing of amine with the carboxyl group would allow
low platelet adhesion and activation.37
Zeta Potential Change for pH Variation and Protein
Adhesion Analysis. Because the C6D4 hydrogel could now
be considered to be a good antifouling candidate, it is crucial to
evaluate the pH responsiveness of surface charge against
charged biased proteins such as negatively charged BSA. As a
result, it is essential to measure the zeta potential change with
respect to the pH value for both hydrogels and proteins. This
was done by soaking proteins and ground hydrogels in
diﬀerent pH buﬀers with the same ionic strength and analyzing
using a DLS device. The result is illustrated in Figure 8. It is
demonstrated that at physiological pH, C6D4 carries a slightly
negative charge, and this might be the reason that lysozyme,
which is a positively charged protein with a pI value of 11,
could be attractive to C6D4 hydrogels. As a result, we
proposed that the immobilization of negatively charged protein
could be favored at lower pH while positively charged protein
could be used at higher physiological pH. As indicated in
Figure 9, the adsorption of BSA was higher at lower pH while
the adsorption of lysozyme was higher at higher pH,
corresponding to the zeta potential change.
Protein Immobilization and Activity Tests. To take
advantage of the surface charge responsiveness of this hydrogel
material, a reasonable application is to exploit protein
immobilization under diﬀerent pH values and test its activity.
For comparison biofunctionalization of the hydrogel for
protein recognition and biocatalysis applications, it is necessary
to develop a viable protocol to covalently bind active protein.
As a result, a biochemical assay showing that the protein still
possesses its catalytic function may be direct evidence of
structural integrity. Here we selected lipase as a model enzyme
for its comprehensive immobilization data in the literature38
and various application in the biotechnology and ﬁne
chemicals industries.39 Lipases are biphasic proteins operating
optimally at the oil−water interface, and hydrogel could be a
proper substrate to provide an aqueous environment. The
model enzyme is a negatively charged protein and has an
isoelectric point (pI = 5.18)40 that is close to that of BSA. The
protein could be conjugated onto hydrogel using EDC
chemistry targeting the carboxyl group on the hydrogel
surface. In Figure 10, the activity test results are illustrated
using diﬀerent pH values with diﬀerent immobilization
methods. The hydrogels were processed in three distinctive
ways. In the “Modify (no enzyme)” group, the background
levels of substrate hydrolyzation in C6D4 hydrogels treated
with EDC, but without enzyme loading, were tested for control
Figure 7. Evaluation of activated platelet adhesion on the CA/DMAEMA hydrogel with SEM images: (a) DMAEMA, (b) C1D9, (c) C2D8, (d)
C3D7, (e) C4D6, (f) C5D5, (g) C6D4, (h) C7D3, (i) C8D2, (j) C9D1, and (k) CA.
Figure 8. pH responsiveness of a C6D4 hydrogel during a zeta
potential measurement.
and comparison. Next, enzymes were loaded and washed in
hydrogels without EDC conjugation in the “Adsorption”
group, while the hydrogels were treated with EDC and loaded
with enzyme solution for covalent immobilization in the
“Chemical bond” group. Among all of the parameters tested,
the highest lipase activity was observed with immobilization
carried out at pH = 4.5, followed by simple physical adsorption
at pH = 7. The latter could be considered to be a control for
protein activity at neutral pH. Despite the low pH, it was
indicated that the zeta potential diﬀerence was favorable for
lipase to be adhered and covalently bonded to the surface as
shown by the XPS analysis presented in the Supporting
Information. The data suggested that lipase was not denatured
at lower pH and the facilitated conjugation by EDC only
without NHS would result in a higher retention of enzymatic
activity as the literature suggested.41 From the swelling ratio
measurements with pH values from 4.5 to 9.0 (Supporting
Information), it was clear that the poly(CA-co-DMAEMA)
hydrogel displayed a relatively stable swelling ratio. This
indicates that the protein conjugation at low pH might not be
due to the variation in the physical structure of the hydrogel
upon buﬀer switching.28 On the other hand, the direct
conjugation capability by EDC-only chemistry seems to favor
lower pH as reported previously. These results suggested the
electrostatic interaction at the protein−poly(CA-co-DMAE-
MA) interface and might be the major contributors to the
signiﬁcant increase in protein conjugation at lower pH.
Protein Adsorption Characterization on Immobilized
Hydrogel Disks. One key issue that is often neglected in
protein immobilization studies is the relapse of protein fouling
due to the immobilized protein surface. As a result, it is
interesting to determine if such functionalization would result
in serious fouling after immobilization. The BSA adsorption
onto lipase-immobilized hydrogel is illustrated in Figure 11. To
our surprise, C6D4 modiﬁed with only EDC showed improved
anti-BSA adhesion while lipase covalently bound to hydrogels
had a similar extent of adhesion compared to blank C6D4, but
both physically adsorbed and covalent-immobilized groups
were slightly inferior to low-fouling-standard SBMA. On the
other hand, the immobilization pH did not cause measurable
diﬀerences among various groups. This may indicate that the
EDC may serve as an extra cross-linking initiator without the
presence of enzymes. On the other hand, lipase may share
similar charge properties compared to C6D4, resulting in
overall similar protein adhesion behavior.
■ CONCLUSIONS
To summarize this work, multifunctional pseudozwitterionic
hydrogels were synthesized from mixtures of positively charged
DMAEMA and negatively charged CA monomers, and their
physical and chemical properties were characterized. These
hydrogels were demonstrated to resist nonspeciﬁc protein
adsorption from both BSA and ﬁbrinogen. Subsequent studies
using blood cells and bacteria showed that the C6D4 hydrogel
could perform well with high biocompatibility and excellent
antifouling status. Furthermore, the CA/DMAEMA hydrogels
were shown to have diﬀerent absorption proﬁles toward
proteins with charge bias, while retaining both their
biochemical activity and fouling-resistant properties away
from immobilized protein/hydrogel complexes. This research
article presents a novel approach to the development of
Figure 9. BSA and lysozyme adsorption onto a C6D4 hydrogel at
various pH values.
Figure 10. Activity tests among immobilized hydrogels at various pH
values.
Figure 11. Protein adsorption on C6D4 hydrogels with immobilized
lipase.
biofunctionalized materials with pseudozwitterionic materials
that may provide low fouling properties while exhibiting
favorable bioactivity upon choice.
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